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ABSTRACT 
Uncovering the Signal Transduction Pathway that Regulates the Proliferation of Dictyostelium 
Cells 
By 
Nana Hanson 
AprA (Autocrine Proliferation Repressor) is a secreted factor that represses proliferation in the 
slime mold Dictyostelium discoideum. Although the role AprA plays in the regulation of 
proliferation is known, the signaling pathway by which it occurs is yet to be determined. To 
discover the different components of the AprA signaling pathway, I examined 12 REMI mutants 
which proliferated in a similar manner to aprA cells. Three of 12 mutants were insensitive to 
AprA. MetPOE was one of the mutants that were insensitive to AprA, and I attempted to 
construct a complete knockout of the disrupted gene. From an additional REMI screen that I 
conducted, I found that disruption ofdokA led to a mutant with a phenotype similar to aprA, 
suggesting this protein may also have a role in the AprA signal transduction pathway. 
Preliminary data suggested that G proteins may also play a role in the AprA signal transduction 
pathway. I further characterized six G protein null mutants. I determined that both ga8~ and gp 
cells were multinucleate. Also there was an increase in the percentage of cells in S phase in gp 
cells. The similarities between aprA cells and ga8~ and g/T cells suggested that Ga8 and Gp may 
be part of the AprA signal transduction pathway. 
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Chapter 1 
Introduction and Background 
1.1 The implications of cell number 
1.1.1 Size regulation 
Size regulation plays an important role in all organisms. It affects adaptation of 
organisms to a given environment as well as proper function of parts within the organism itself. 
The effects of body size on adaptation can be seen in insects, in which a small body size 
facilitates the diffusion of air into the body and hence respiration via trachea. A small surface to 
volume ratio, increasing heat retention in animals that inhabit areas that have low temperatures, 
is also an example of how size regulation affects adaptation, (for review see Gomer, 2001). 
Cell populations can be regulated in different ways. Organisms such as Caenorhabditis 
elegans start with specific cell lineages and count the number of cell divisions so organisms 
reach a particular cell number, (for review see Gomer, 2001). Certain oligodendrocyte 
populations use a timer that stops cell division after a certain number of cycles, (for review see 
Gomer 2001). Another method used to regulate tissue size is a feedback loop that stimulates 
proliferation when cells are too few and slows it down when cells are too many. This is the 
method employed by the social amoeba Dictyostelium discoideum, (for review see Gomer, 2001) 
1.1.2 Tumor dormancy 
An observation that is closely related to size regulation by secreted factors is tumor 
dormancy in cancer. In these cases, the removal of primary tumors results in increased 
proliferation at metastatic foci (Demicheli, 2001; Guba et al., 2001). Guba et al (2001) injected 
tumor cells into mice either bearing a primary tumor or not. Metastasis occurred to a much 
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higher level in mice without a primary tumor than in mice with a primary tumor. The increase in 
proliferation of metastases that accompanies removal of a primary tumor suggests that primary 
tumors may secrete a substance that inhibits the formation of metastases (Guba et al., 2001). 
1.2 Chalones 
1.2.1 Overview of chalones 
It has been demonstrated that there is a burst in kidney mitosis after a partial 
nephrectomy in mice. Injecting macerated kidney into the peritoneal cavity of the mouse 
decreases this burst in mitosis in a dose-dependent manner (Saetren, 1956). When a baboon liver 
was transplanted into a human, the liver doubled in mass in a week and tripled in size within 24 
days to 1555 g, roughly the mass of a human liver (Sauer et al., 2002; Starzl et al., 1993). 
These observations led to the hypothesis that there are secreted factors that regulate tissue 
size. Such factors are known as chalones. Chalones are thought to affect cell proliferation via a 
negative feedback loop. Individual cells secrete a specific amount of the chalone. As the 
population of cells in the environment increases, so does the concentration of the chalone. When 
the concentration of the signal reaches a particular concentration, it saturates the receptors on the 
cell and begins a signaling cascade that leads to the inhibition of proliferation (Figure 1). In the 
case of the liver transplantation, a factor secreted by the smaller baboon liver would have been 
diluted once the liver was transplanted to the larger human body. The cells would therefore be 
stimulated to proliferate until the concentration of the secreted factor reached normal levels 
again. 
Although the chalones involved in organ size regulation in the liver and kidney are yet to 
be identified, other chalones have been discovered in different systems. An example of these 
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Figure 1 Chalone mechanism of action. Each cell (yellow) secretes a particular amount of a 
specific factor (red dots) at a particular rate. As the number of cells increases, so does the 
concentration of the secreted factor. The secreted factor is detected by receptors on the secreted 
cells (green). Using this method, cells are able to detect the concentration of the secreted factor 
in the environment (from Gomer, 2001). 
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secreted factors is leptin, which is involved in the regulation of adipocytes. Leptin is secreted 
from adipocytes and acts on the hypothalamus, where it inhibits anabolic pathways while 
stimulating catabolic pathways. This stimulation of catabolic pathways leads to the increased 
metabolic rate and physical activity while suppressing appetite (Schwartz et al., 2000). 
While leptin acts to inhibit its secretory cells through a neuroendocrine manner, other 
factors affect the cells that secrete them in an autocrine manner. One of these factors is 
myostatin, a well studied chalone that affects skeletal muscle. 
1.2.2 Myostatin as a chalone 
Myostatin is a member of the TGF-p superfamily and has been shown to play a role in 
myogenesis (McPherron et al., 1997; McPherron and Lee, 1997; Thomas et al., 2000). The 
chalone was discovered in a screen for TGF-p superfamily members and was shown to cause 
muscle hyperplasia and some muscle hypertrophy in knockout mice (McPherron et al., 1997). 
Mutations in myostatin were subsequently found to cause double muscling in some 
breeds of cattle. The Belgian Blue breed has an 11 nucleotide deletion which causes a frameshift 
mutation, while Piedmontese have a G to A transition which results in the substitution of a 
tyrosine for a conserved cysteine, resulting in a nonfunctional protein (McPherron and Lee, 
1997). Both breeds have an unusually large amount of muscle. 
Myostatin affects muscle size by regulating myoblast proliferation. This regulation has 
been shown to occur through cell cycle arrest at the end of the Gl phase and at the G2/M 
transition rather than through increased apoptosis (Thomas et al., 2000). Myostatin is synthesized 
in the myoblasts, where it is proteolytically cleaved. Thomas et al. (2000) hypothesized that the 
cleaved signal will be secreted outside the cells where it acts as a signal sensed by receptors on 
myoblasts, which activate a pathway that upregulates the cyclin-Cdk inhibitor p21, which 
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Figure 2 Myostatin mode of action. In the presence of myostatin, an upregulated p21 inhibits 
Cdk2. Cdk2 is unable to phosphorylate Rb, which remains hypophosphorylated and prevents 
transcription of S-phase specific genes. In the absence of myostatin, Cdk2 phosphorylates Rb, 
leading to the release of S-phase specific genes and the subsequent transition of cells into S-
phase (from Thomas et al., 2000). 
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subsequently downregulates Cdk2. Another protein in the pathway is the retinoblastoma 
susceptibility gene product Rb, which, when in the hypophosphorylated form, will bind to 
transcription factors inactivating them. Cdk2 phosphorylates Rb, releasing the transcription 
factors, which then transcribe S-phase specific genes leading to the initiation of the S-phase. 
With the downregulation of Cdk2 however, Rb remains hypophosphorylated and the S-phase is 
not initiated (Figure 2) 
1.3 Dictyostelium as a model system 
Dictyostelium discoideum is a simple eukaryotic organism that is easy to manipulate for 
genetic and biochemical purposes. While wild type strains typically grow on bacteria with a 
doubling time of three hours, axenic strains that grow in medium are also available. These 
axenic strains have a doubling time of approximately twelve hours in liquid medium. The cell 
densities in these shaken cultures can reach 1010 cells per liter. Cells can also be stored as frozen 
stocks for long periods (Devreotes, 1989). 
Although Dictyostelium is a unicellular organism, it has also been used to study size 
regulation in populations of cells. Cells secrete an 80 kDa glycoprotein called CMF for 
conditioned medium factor. This protein is secreted from cells upon starvation and causes them 
to aggregate. These aggregated cells then break up into streams, which later form fruiting bodies 
(Jain et al., 1992; Yuen et al., 1995). 
Mutations that affect different processes in Dictyostelium cells can be studied using 
restriction enzyme-mediated integration (REMI) mutagenesis. Cells are electroporated in the 
presence of restriction enzymes and a linearized plasmid (Kuspa and Loomis, 1992; Shaulsky et 
al., 1996). Different screens can be designed to characterize the transformants obtained 
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(Devreotes, 1989). A common use of REMI mutagenesis is to identify second-site suppressors 
of other mutations, to determine what other genes are involved in a genetic pathway (Shaulsky et 
al , 1996). 
1.4 Apr A and CfaD as chalones 
Chalones that function using a direct feedback loop for inhibition, such as employed by 
myostain, have been found in Dictyostelium discoideum. These genes have been dubbed AprA 
for autocrine proliferation repressor and CfaD for CF-associated protein. 
AprA was initially discovered as a contaminant in a preparation of the 450 kDa protein 
complex, CF. AprA was later found to be a 60kDa protein that was part of a -150 kDa complex 
and present in growing cells, conditioned growth medium, and conditioned starvation medium 
(Brock and Gomer, 2005). The presence of AprA in both growing cells as well as conditioned 
medium suggests that it is secreted from cells. When immunoprecipitated AprA from 
conditioned medium was added Dictyostelium cells, it was observed that cell proliferation was 
reduced (Brock and Gomer, 2005). Since Dictyostelium is a unicellular organism, it can be 
concluded that AprA would act on the cells secreting it, suggesting a direct negative feedback 
loop. As shown in Figure 3, AprA null mutants were found to proliferate faster than wild type 
cells, while aprA' / al5::aprA cells proliferated more slowly than wild type (Brock and Gomer, 
2005). 
Similarly, CfaD was discovered as a chalone in Dictyostelium. CfaD null cells have been 
shown to proliferate faster than wild type cells (Bakthavatsalam et al., 2008). A recombinant 
form of CfaD has also been found to reduce cell proliferation when added to wild type cell 
cultures (Choe et al., 2009). 
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Figure 3 Proliferation ofApr A and aprA' Zal5::aprA cells. AprA null cells are shown in red, 
while the AprA overexpressor cells in an AprA null background are shown in green. Cells were 
diluted to 2x105 cells/ml in HL-5 medium and cell densities were recorded each day. Graph 
shows mean and s.e.m from three independent experiments. Insert shows data from the days 1 
and 2 plotted using a log scale for cell densities (from Brock and Gomer, 2005). 
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1.5 G proteins and G protein coupled receptors in Dictyostelium 
G protein coupled receptors (GPCR) are a family of seven-transmembrane receptors that are 
involved in many signaling processes in eukaryotes. When the GPCRs are activated by ligands, 
they interact with heterotrimeric G proteins, which act as second messengers in relaying 
chemical signals (Brzostowski et al., 2002). 
G proteins are made up of three different subunits, a, p and y, and are involved in many 
biological processes (Strader et al., 1994). Dictyostelium discoideum contains 12 G protein a 
subunits, one G protein p subunit, and one G protein y subunit (www.dictybase.org). Deletions of 
genes encoding these G protein subunits result in cells with defects in development and 
morphogenesis (Brandon and Podgorski, 1997; Brzostowski et al., 2002; Brzostowski et al., 
2004; Kumagai et al., 1991; Wu et al., 1995). Gal2, a human homolog of Ga8 in Dictyostelium, 
has been found to bind to Hsp90 (Vaiskunaite et al., 2001). This interaction may be involved in 
cell proliferation, suggesting that Dictyostelium Ga8 may also be involved in proliferation. 
10 
Chapter 2 
Characterization of mutants 
2.1 Introduction 
The chalones AprA and CfaD have been shown to slow proliferation in Dictyostelium 
cells (Choe et al., 2009). To determine which genes are involved in the AprA signaling pathway, 
we used a forward genetic screen for rapid proliferation with the idea that some mutants might 
block the AprA signal transduction pathway, giving a phenotype similar to the AprA null mutant. 
Our colleagues at the Kuspa laboratory at Baylor generated a large number of mutants 
using REMI. The REMI vectors used for the mutagenesis each had a barcode comprising of a 
unique 60-mer DNA tag which could be used to identify the clone once the location of the REMI 
insertion had been determined via inverse PCR (unpublished). These mutants were then pooled. 
The pooled mutants were grown until the population reached stationary phase, at which point the 
culture was diluted. For one month, the mutants were repeatedly grown to stationary phase and 
diluted. These multiple passages were done to enrich for mutants that proliferate more quickly 
than wild type. The mutants were subcloned and individual colonies were picked. Twelve of the 
mutants obtained from this screen were sent to our laboratory. 
I screened these mutants again to examine their proliferation. I also assayed the 
sensitivity of the mutants to AprA to find those that would be insensitive to AprA, assuming that 
the proteins those genes code for could be downstream of AprA in the signal transduction 
pathway. Upon determining which mutants had phenotypes that suggested they may be involved 
in the AprA signaling pathway, I attempted to construct a knockout of the gene. A full knockout 
of the gene would demonstrate that the observed phenotype occurs as a result of the absence of 
the gene and is not the result of a secondary mutation in another region. 
11 
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Figure 4. Proliferation of REMI mutants. Cells were diluted in HL-5 media and cell densities 
were measured daily. The graph represents means ± s.e.m. from three independent experiments 
done on different days. 
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2.2 Methods and results 
2.2.1 Proliferation of mutants 
To determine if the mutants obtained from the Kuspa lab had a similar phenotype to the 
AprA null mutant, I first carried out proliferation curves of the twelve REMI mutants that we 
obtained from the Kuspa laboratory. We have previously observed that the AprA null mutant 
proliferates faster than the wild type and reaches a higher stationary phase density (Brock and 
Gomer, 2005). Figure 4 shows that mutant Chap60, with an insertion in a gene that contains a 
domain similar to chaperonin 60, proliferates faster than wild type and reaches a higher cell 
density. This increased proliferation is similar to the phenotype of the AprA null mutant. These 
results suggest that a chaperonin 60 domain containing protein may be involved in the AprA 
signaling pathway. 
In mutant 134137, the REMI insertion falls between a gene with sequence similarity to 
genes in the Lyase-1-like superfamily and a gene coding for the regulator of chromosome 
condensation (RCC1) domain-containing protein. Mutant 134137 also proliferates faster than 
wild type. Mutants MetPOE and SF3blcode for a metallophosphoesterase and Splicing factor 3b 
subunit 1 respectively. These mutants proliferate much more slowly than wild type. 
2.2.2 Sensitivity of mutants to recombinant AprA and CfaD 
If a mutation blocks the AprA signaling pathway, it can be expected that the mutant will 
be insensitive to AprA. To investigate if the mutants obtained from the screen were insensitive to 
AprA, AprA inhibition assays were conducted. Figure 5 shows that the proliferation of three of 
the mutants examined, Chap60, SF3bl, and MetPOE, is stimulated in the presence of 
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Figure 5. Sensitivity of mutants to recombinant AprA and CfaD. Cells were inoculated at 
5><10 cells/ml in shaking culture and recombinant AprA was added to a final concentration of 
0.25(ig/ml, or an equal volume of PBM was added. In the CfaD experiments, recombinant CfaD 
was added to 0.12ug/ml for the experimental samples. Cell densities were recorded after at 16 
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Percent inhibition = 100 
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Values show means ± s.e.m from at least three separate experiments. WT indicates wild type. 
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recombinant AprA. The percentage inhibition of wild type has consistently fallen between fifteen 
and thirty percent in previous experiments (Choe et al., 2009). The same can be observed in 
Figure 5. The only mutant that shows some insensitivity to CfaD, however, is SF3bl. Unlike the 
remaining mutants obtained from the screen conducted by the Kuspa lab, mutants MetPOE and 
SF3bl proliferate more slowly than wild type (Figure 4). These results are consistent with the 
suggestion that the AprA signaling pathway may involve a chaperonin 60 domain containing 
protein, a metallophosphoesterase, and a subunit 1 of Splicing factor 3 b subunit 1. The 
insensitivity of MetPOE and SF3bl to AprA may have resulted in their identification in a screen 
designed to isolate mutants that proliferate quickly. These mutants do not proliferate quickly; 
however, they would not slow down their proliferation in response to high levels of AprA 
present at high cell densities, causing them to persist within the mutant pool albeit at lower 
relative abundances. 
2.2.3 Generation of knockout for MetPOE 
Figure 5 showed that REMI insertion in the genes coding for a chaperonin 60 domain 
containing protein, splicing factor 3 b subunit 1, and a metallophosphoesterase result in 
insensitivity to recombinant AprA. However, REMI insertions do not reveal whether a gene 
product is inactivated or enhanced. Also, there is a possibility that a secondary mutation 
occurred at another site and is responsible for the insensitivity of these mutants to AprA. 
Therefore, I attempted to generate a knockout of the genes involved in causing insensitivity to 
AprA. The Chap60 mutant has an insertion in an intron, while the MetPOE mutant has an 
insertion in an exon. Although the SF3bl mutant also has the insertion in an exon, the protein is 
a part of the U2 small nuclear ribonuclear protein complex and is required for pre-mRNA 
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splicing, suggesting the gene may be essential (Cass and Berglund, 2006; Golas et al., 2003; 
Habara et al., 2001). I therefore chose to create a clean knockout for the metallophosphoesterase. 
2.2.3.1 Generation of knockout construct 
To generate a knockout construct for the MetPOE gene, I designed PCR primers for a 5' 
arm that extended about 100 base pairs into the open reading frame and would amplify a segment 
of about 700 base pairs. The primers for a 3' arm were designed to create a PCR product 
extending 100 base pairs into the open reading frame on the 3' end of the MetPOE gene and 
contain a segment of approximately 600 base pairs. Each of these arms was ligated to a pGEM-T 
vector and sequenced to confirm the identity of the PCR product and also to check for mutations. 
The remaining stages of cloning were to transfer the arms from the pGEM-T plasmids to 
pLPBLP, a plasmid which is used for gene disruption and contains a blasticidin resistance 
cassette (Faix et al., 2004). 
The pGEM-T vector construct bearing the 3' arm and the pLPBLP plasmid were digested 
using Notl and Pstl, to release the 3' arm from pGEM-T and create complementary ends for 
both the 3' arm insert and the plasmid. The 3' arm was then ligated to a pLPBLP plasmid. The 
ligation was transformed into DH5a cells, which were then grown in culture. DNA was extracted 
from the cultured cells and digested to confirm insertion of the 3'arm. Subsequently, the pGEM-
T vector construct bearing the 5' arm and the pLPBLP plasmid already bearing the 3'arm were 
digested using Sail and Ncol to release the 5' arm from the pGEM-T vector and create 
complementary ends in both insert and vector; insert and vector were subsequently ligated. The 
insertion of the 5' arm was confirmed by first transforming DH5a cells with the knockout vector, 
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then culturing cells and extracting DNA. The presence of both the 3' and 5' arms were 
confirmed by digesting the sample with different combinations of restriction enzymes. 
2.2.3.2 Transformation of knockout 
lxlO7 Dictyostelium cells were collected by centrifugation, washed, and resuspended in 
electroporation buffer. The knockout construct was added to the cells, and the entire sample was 
placed in a chilled cuvette. Cells were then electroporated at 0.9 kilovolts and 3 microfarads 
twice with five seconds in between. Cells were incubated on ice for five minutes and added 
dropwise to a petri dish containing lOmL HL-5 medium. After 24 hours, 10 uL of 10 mg/ml 
blasticidin was added to the cells to select for transformed cells. Cells were kept in selection until 
individual colonies appeared. These colonies were picked and transferred to a 24 well plate, 
after which they were screened using PCR. 
2.2.3.3 Screening of MetPOE knockout 
After selection, cells were grown in culture and genomic DNA was extracted using the 
Roche High Pure PCR Template Preparation Kit. Primers were designed to extend from inside of 
the 5' arm to inside the 3' arm (Figure 6 A). If the gene for MetPOE was present, the primers 
would amplify a region of approximately 1340 bases. If the knockout vector was present, the 
primers would amplify a region of approximately 1840 bases. The purpose of this primer pair 
was to determine whether or not the knockout vector was present in the cells. An additional 
primer was designed to extend from outside the 5' arm (Figure 6B). The external primer was 
paired with the primer that annealed to the sequence inside the 3' arm. If the gene for MetPOE 
was present, this primer pair would amplify a region of about 2293 bases. In the presence of the 
knockout vector, the region amplified would contain 2793 bases. This primer pair was used to 
17 
WT Trans WT Trans 
Figure 6 PCR screening of clones. (A) Internal primers were designed to extend from a region 
inside the 5' arm to a region inside the 3' arm. Arrows show an approximate representation of 
the locations where the primers anneal. (B) An external primer was designed to anneal to a 
region outside the 5' arm. This primer was paired with the same 3' reverse primer used in A. (C) 
PCR amplification was done on wild type (lanes 2 and 5) and transformant (lanes 3 and 6) using 
primer pair shown in A (lanes 2 and 3) and the primer pairs shown in B (lanes 5 and 6). 
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ensure that the knockout vector had been inserted into the correct position and had not either 
been integrated into another region of the genome or remained as a plasmid in the DNA. 
Figure 6C is a representative figure of the results from PCR amplification of genomic 
DNA from the clones. Lane one contains the DNA marker, lanes two and five contain wild type 
cells, while lanes three and six contain transformed cells. The primer pair in Figure 6A was used 
to amplify the genomic DNA in lanes two and three, while the primer pair in Figure 6B was used 
to amplify the genomic DNA in lanes five and six. PCR amplification of DNA from wild type 
cells showed bands of about 1340 bases and 2293 bases in lanes two and five respectively. 
Amplification of the transformant, however, revealed a doublet containing bands of both 1340 
bases and 1840 bases in lane three, and only one band containing 2293 base in lane 6. The results 
suggest that in the clones that were screened, the REMI vector had been taken into the cells, 
where it conferred resistance to blasticidin, enabling cells to survive the selection process. All 
cells, therefore, contained both bands for both the gene and the knockout vector. However, the 
vector was not integrated into the correct region and therefore did not knock out the gene for the 
metallophosphoesterase, which is why lane six contains only one band of 2293 bases. 
2.3 Discussion 
Of the twelve mutants obtained from the Kuspa laboratory, three were interesting 
candidates for study as members of the AprA signal transduction pathway. Chap60 proliferated 
quickly and had a higher stationary phase cell density than wild type and was insensitive to 
AprA. MetPOE and SF3bl were both insensitive to AprA, although they proliferated more 
slowly than wild type. SF3bl was also insensitive to CfaD. MetPOE was chosen as a candidate 
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for a knockout because the REMI insertion was located in an exon and because of the function of 
the putative protein. 
BLAST searches of the protein sequence of the gene disrupted in the REMI mutant 
MetPOE reveal that the gene has similarity to metallophosphoesterases. Metallophosphoesterases 
are found in both prokaryotes and eukaryotes, with many members of this family present in 
mammals (Shenoy et al., 2007). The activity of many metallophosphoesterases is dependent 
upon the presence of the metals with which they are coordinated (Chen et al., 2004; Miller et al., 
2007; Vogel et al., 2002). Metallophosphoesterases are a large group of proteins made up of 
phosphomonoesterases and diphosphoesterases (Shenoy et al., 2007; Tyagi et al., 2009). 
Phosphomonoesterases are enzymes that hydrolyze oxyphosphate monoesters and include many 
protein families such as Serine Threonine phosphatases and the Protein Phosphate 1 family 
(Shenoy et al., 2007; Tyagi et al., 2009). Phosphodiesterases are involved in the hydrolysis of 
phosphodiester bonds (Takakusa et al., 2002). These enzymes act on nucleic acids, cyclic 
nucleotides and phospholipids (Chen et al., 2004; Hopfner et al., 2001; Vogel et al., 2002). 
Although metallophosphoesterases play many roles in cells, many of these enzymes are also 
specific (Chen et al., 2004; Miller et al., 2007). A commonly known phosphodiesterase is Mrel 1, 
a nuclease which plays a role in DNA double stranded break repair (Hopfner et al., 2001). 
The diverse roles metallophosphoesterases play in cells made the mutant MetPOE a 
good candidate for a knockout. However, several attempts at transformation led to either 
inviable clones or integration of the plasmid into the wrong location. 
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Chapter 3 
The effect of G proteins on proliferation 
3.1 Introduction 
G protein coupled receptors are involved in many signal transduction pathways in 
eukaryotes (Strader et al., 1994). AprA is an extracellular signal and thus may use G protein 
coupled receptors in its signal transduction pathway. G protein null mutants can then be 
examined studied to determine if they affect cell proliferation and if any possess the same 
phenotype as the AprA null mutant. 
Null mutants of the G protein subunits Ga2 (Kumagai et al., 1991), Ga5 (Hadwiger et al., 
1996), Ga7, Ga8 (Wu et al., 1994), Ga9 (Brzostowski et al., 2002) and Gp (Wu et al , 1995) 
were obtained from the laboratory of Dr. William Loomis at the University of California at San 
Diego. Proliferation of the G protein mutants was measured, and Dr. Bakthavatsalam, a 
postdoctoral fellow in the lab, observed that ga8~, ga9~ and gp proliferated faster than the wild 
type. AprA inhibition assays were also carried out on all the G protein null mutants, and the 
results showed that ga8~, ga9" and gp were insensitive to AprA (Bakthavatsalam et al., 2009). To 
further investigate the role of G proteins in the proliferation of Dictyostelium cells, I examined 
the distribution of nuclei in Dictyostelium cells as well as several aspects of the cell cycle. 
3.2 Methods and results 
3.2.1 DAPI staining of nuclei 
To find additional similarities between the G protein mutants that are insensitive to AprA 
and the AprA null mutant, I quantified the distribution of nuclei in ga2~, ga5~, go.7', ga8~, ga9~ 
and gp cells (Figure 7). I expected that disrupting any genes downstream of aprA in the signal 
transduction pathway would produce multinucleate cells since aprA~ cells are multinucleate. 5 x 
104 cells were resuspended in 200uL of HL-5 and transferred into a well in an 8-well slide. 
Samples were left to settle for 15 minutes and then a solution of 1% glacial acetic acid in 95% 
ethanol was added to the wells and cells were fixed for 15 minutes. The liquid was aspirated out 
and cells were fixed with the same fixation solution for an additional five minutes. The plastic 
wells were removed and cells were then left to air dry for at least one hour. Cells were washed 
with PBS in a coplin jar. Staining was done with 150 uL of 2 ug/ml DAPI in PBS for one hour, 
and the slide was stored in a humid box in the dark for the duration. Slides were then washed 
three times for 10 minutes each in PBS and mounted using Vectashield mounting medium for 
fluorescence (Vector Laboratories Inc). Fluorescence images were taken using a Zeiss Axioplan 
microscope. Values for the number of nuclei in 100 cells were obtained by multiplying the 
percentage of cells containing a particular number of nuclei with the number of nuclei it 
contained and summing the results. This value is used in Table 1 and Table 2. 
I observed that about 77% of wild type cells contain a single nucleus, 20% contain two 
nuclei, and about 3% contain three or more nuclei. It was previously recorded that 74% of wild 
type cells contain a single nucleus, 24% two nuclei, and 2% contain three or more nuclei (Brock 
and Gomer, 2005). In aprA' cells, there are 41% with one nucleus, 44% with two nuclei, and 
15% with three or more nuclei (Brock and Gomer, 2005). g/T cells were multinucleate cells with 
one cell containing ten nuclei; only 51% of the cells had a single nucleus. ga5~ cells and ga8~ 
cells were also multinucleate with 58% and 55% of cells containing a single nucleus 
respectively. The similarity between the phenotypes of these mutants and the AprA null mutant 
suggest that these G proteins subunits may be involved in the AprA signaling pathway. 
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3.2.2 Mitotic figures 
To determine which phases of the cell cycle are affected by the disrupted G proteins, I 
measured the percentage of cells in the mitotic phase. It has previously been determined that 
AprA affects the cell cycle in Dictyostelium cells (Brock and Gomer, 2005). 1 x 105 cells were 
resuspended in 350 uL of HL-5. Each sample was placed on a 22 mm coverslip and left to settle 
for 10 minutes in a humid chamber. Cells were fixed with 150 uL of 70% ethanol for 10 
minutes. The ethanol was poured off, and the coverslips were left to air dry for at least one hour. 
Cells were then stained with 150 uL of a solution of 2 ug/ml DAPI and 0.1% NP-40 in PBS. 
Staining was done for 15 minutes in a humid chamber in the dark. Slides were washed with PBS 
for five minutes in the dark. Slides were mounted with Vectashield mounting medium for 
fluorescence (Vector Laboratories Inc). Fluorescence images were taken using a Zeiss Axioplan 
microscope. 
Table 1 shows that the percentage of mitotic figures in 100 cells for wild type 
Dictyostelium cells is 3.59 percent, which is consistent with previous studies (Weijer et al., 
1984). When examining the cells using fluorescence, I observed that in multinucleate cells, it is 
more common to see only one mitotic nucleus than several mitotic nuclei. This observed 
phenomenon suggests that mitosis in nuclei in the same cell occurs independently. Based on this 
information, I calculated mitotic figures with regards to both the total number of nuclei as well as 
the total number of cells. The results show that, apart from gal cells, all G protein null mutants 
show an increase in mitosis under at least one criterion. The length of mitosis in wild type 
Dictyostelium was estimated to be about 21.8 minutes, so these changes, though significant, 
cannot account for the increased rate of proliferation observed in the G protein null mutants. 
24 
Cell type 
Wild type 
gal 
ga5~ 
ga.7 
ga8~ 
ga9-
gP 
Mitotic figures/100 
nuclei 
2.80 ±0.33 
3.35 ±0.17 
4.44 ± 0.43 
4.58 ±0.13 
3.40 ±0.24 
3.99 ±0.27 
4.15 ±0.80 
Nuclei/cell 
1.29 ±0.05 
1.34 ±0.06 
1.54 ±0.08 
1.40 ±0.09 
1.66 ±0.08 
1.24 ±0.04 
1.80 ±0.09 
Mitotic figures/100 
cell 
3.59 ±0.5 
4.48 ± 0.3 
6.81 ±0.8 
6.42 ± 0.5 
5.65 ±0.5 
4.95 ± 0.4 
7.45 ±1.5 
Doubling times at 
low density (hrs) 
13.0 ±0.6 
13.9 ±0.1 
12.2 ±0.5 
12.2 ±0.9 
10.9 ±0.3 
10.1 ±0.3 
11.1 ±0.4 
Table 1. Duration of M phase in G alpha and beta subunit null cells. The numbers of cells in 
the mitotic phase was measured by counting mitotic figures from cells stained with DAPI. With 
wild type cells set as the control for mitotic figures per nuclei, the difference between control and 
ga5~, ga7~, ga9~ and gp was significant with p<0.01 (one-way ANOVA, Dunnett's test). For 
mitotic figures per cell, the difference between the control and ga5~, ga7~, and gp was significant 
with p<0.01, and ga8~ was significant with p<0.05 (one-way ANOVA, Dunnett's test). All 
values are mean ± s.e.m. from three independent assays. Doubling times were calculated by Dr. 
Deenadayalan Bakthavatsalam (Bakthavatsalam et al., 2009) 
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3.2.3 BrdU staining 
I examined the percentage of cells in S phase by staining cells that underwent 
incorporation of 5-bromo-2-deoxyuridine (BrdU). BrdU is an analog of thymidine that can be 
incorporated in the place of thymidine during S phase (Latt, 1976). The BrdU incorporation 
occured during a short pulse, and cells were fixed and stained with antibodies against BrdU and 
examined using immunofluorescence (Gomer and Ammann, 1996). The percentage of cells that 
incorporated BrdU was compared to those of wild type to determine if the G proteins affect the 
number of cells in S phase. 
l x l O 6 cells/ml in 500 uL were incubated in a solution of 3.62mM BrdU for a 10 minute 
pulse. 200 jxL of each sample was transferred to an 8-well slide and left to settle for 15 minutes. 
1% glacial acetic acid in ethanol was added to each well to fix cells for 15 minutes. Medium and 
fixation solution were then aspirated from wells. Cells were fixed for an additional five minutes 
after which the fixation solution was removed. Plastic wells were then removed and the slide was 
left to air dry for at least one hour. Cells were washed once with PBS in a coplin jar. Staining 
was done with mouse monoclonal anti-BrdU antibodies (Amersham™ Anti-BrdU 
(Bromodeoxyuridine) Antibody (GE Healthcare)) in a humid chamber for one hour. The slide 
was washed three times in PBS for 10 minutes each and incubated with a 1:1000 dilution of 
Alexa 488 conjugated secondary anti-mouse IgG (Molecular Probes, Eugene, OR) for one hour 
in a humid chamber. Slides were washed three times with PBS for 10 minutes each. The gasket 
was taken off and the slide was mounted using Vectashield mounting medium for fluorescence 
(Vector Laboratories Inc). Fluorescence images were taken using a Zeiss Axioplan microscope. 
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Cell type 
Wild type 
gal 
ga5' 
ga.7 
ga8~ 
ga9~ 
gP 
%S phase/100 
nuclei 
10.79 ±1.59 
13.60 ±1.91 
9.56 ±1.01 
9.68 ± 0.42 
9.25 ± 0.44 
9.22 ± 0.97 
10.16 ±0.53 
Nuclei/cell 
1.29 ±0.05 
1.34 ±0.06 
1.54 ±0.08 
1.40 ±0.09 
1.66 ±0.08 
1.24 ±0.04 
1.80 ±0.09 
%S phase/100 
cells 
13.87 ±2.0 
18.21 ±2.6 
14.68 ±1.6 
13.57 ±0.6 
15.36 ±0.7 
11.45 ±1.2 
18.25 ±0.9 
Doubling times at 
low density (hrs) 
13.0 ±0.6 
13.9±0.1 
12.2 ±0.5 
12.2 ±0.9 
10.9 ±0.3 
10.1 ±0.3 
11.1 ±0.4 
Table 2. Duration of S phase in G alpha and beta subunit null cells. The numbers of cells in 
the S-phase was measured by counting cells that incorporated BrdU, using fluorescence staining. 
With AX2 set as control for cells in S phase per nuclei, the difference between control and gal 
was significant with p<0.05 (one-way ANOVA, Dunnett's test). For cells in S-phase per cell, 
the difference between control and gal' and gp was significant with p<0.05 (one-way ANOVA, 
Dunnett's test). All values are mean ± s.e.m. from at least three independent assays. Doubling 
times were calculated by Dr. Deenadayalan Bakthavatsalam (Bakthavatsalam et al., 2009) 
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Table 2 shows that the number of nuclei in S phase in ga2~ cells is significantly greater 
than that of wild type, while the number of cells in S phase in gal and gp is significantly greater 
than that of wild type. These data show that disruptions of ga.2 and gfi cause an increase in the 
number of cells in S-phase. However, the length of S-phase compared to the length of the entire 
cell cycle would suggest that the differences mentioned above would not be enough to alter the 
length of the cell cycle in any of these mutants. I also observed that in multinucleate cells, it was 
more common to see one nucleus stained with BrdU than all nuclei stained with BrdU. This 
observation suggests that DNA replication in Dictyosteliwn cells occurs independently of other 
nuclei present in the same cell. 
3.3 Discussion 
G protein coupled receptors are involved in many signaling pathways that affect many 
processes (Prabhu and Eichinger, 2006; Strader et al., 1994). These seven transmembrane 
proteins may therefore play a role in AprA signal transduction. ga8~, go.9' and gp proliferate 
faster that wild type cells and are insensitive to recombinant AprA (Bakthavatsalam et al., 2009). 
Also, much like aprA' cells, ga8~ and gp are multinucleate, suggesting that AprA, Ga8 and Gp 
may be in the same pathway. 
All the G protein null mutants except for gal showed an increase in mitosis. This may 
suggest that G protein signaling is involved in mitosis in Dictyostelium cells. However, these 
data did not show that any particular G protein has a marked effect on mitosis. On the other 
hand, ga2~ and gp cells had a significant increase in nuclei undergoing S phase. Jonathan Choe 
observed that S phase is increased in aprA' cells, with approximately 22% of aprA' cells in S 
phase compared to the approximately 16% of wild type cells in S phase (unpublished). This 
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same phenomenon is observed in ga2~ and gp. gal cells share no other similarities with aprA' 
cells, therefore the similarities observed in this phenomenon may occur via different pathways. 
gfF cells, however, have a similar phenotype as aprA' cells in terms of proliferation rate and 
number of nuclei. These cells are also insensitive to AprA. The similarities between the Gp null 
mutant and the AprA null mutant suggest that Gp may be in the AprA signaling pathway. 
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Chapter 4 
Generation of mutants using REMI mutagenesis 
4.1 Introduction 
Forward genetic screens are typically used to identify a gene or genes that are responsible 
for a phenotype of interest. Restriction enzyme-mediated integration (REMI) is a common 
method that has been applied to conducting forward genetic screens in eukaryotic systems 
(Maier and Schafer, 1999; Nagasaki and Uyeda, 2008). This method can be used to mutagenize 
cells to determine which gene, when disrupted, results in a particular phenotype. It has also been 
used to identify suppressors of mutations (Nagasaki and Uyeda, 2008; Shaulsky et al., 1996). In 
these cases, a primary mutation results in a particular phenotype; after mutagenesis, some cells 
with a second mutation may rescue the initial phenotype. Identifying the genes that rescued the 
initial mutation may show which mutations suppress the initial mutation. This method can be 
used to identify negative downstream components of the initial disrupted gene (Shaulsky et al., 
1996). 
REMI mutagenesis involves inserting a plasmid containing a selectable marker randomly 
in the genome of an organism (Figure 8). This plasmid will cause a disruption at the insertion 
point, which could be a promoter region or an open reading frame. Insertions that occur in a 
promoter region may alter the expression of a gene, while insertions in the open reading frame 
may disrupt the gene. After transformation, cells undergo selection, to determine which cells 
have integrated the REMI plasmid. Colonies are then collected and screened and positive clones 
are identified using inverse PCR (Figure 9). 
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Figure 8 REMI mutagenesis. REMI mutagenesis involves the insertion of a linearized vector 
and restriction enzyme into the genome of an organism via transformation to cause alteration of 
gene function (from Maier and Schafer, 1999). 
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Figure 9. Inverse PCR. Inverse PCR is used to identify genes in which a plasmid has been 
inserted. It involves the digestion of a gene into fragments which are then ligated together. 
These sequences are amplified using primers at the ends of the inserted plasmid. The PCR 
product obtained is sequenced and the gene in which the insertion is located can be identified 
using bioninformatic tools. Darker region represents the REMI vector and light region 
represents the disrupted gene. Red arrows indicate primers. Region A represents the area of the 
disrupted gene that will be sequenced. 
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4.2 Methods and results 
4.2.1 REMI mutagenesis 
To discover additional mutants that may be in the AprA pathway, I randomly 
mutagenized wild type Dictyostelium cells using REMI. Wild type Dictyostelium cells were 
transformed using the REMI vector pBSRl, which contains a blasticidin resistance cassette as a 
selectable marker. The pBSRl plasmid was linearized using the restriction enzyme BamHI, 
producing the ends G'GATCC. Prior to electroporation, cells were incubated with DpnII, which 
produces complementary GATC ends in the genomic DNA at the sites where it cuts. DpnII does 
not cut the REMI vector. Samples were then electroporated in the presence of the linearized 
pBSRl plasmid and DpnII. Cells were subsequently transferred into HL-5 medium. After 24 
hours, 10 uL of 10 mg/ml blasticidin was added to the culture to select for transformants. 
4.2.2 Enriching population for clones that proliferate rapidly 
After approximately two weeks under selection, colonies were pooled and stored in shaking 
culture. REMI transformants and wild type cells were repeatedly diluted to 1 xlO6 cells/ml and 
grown to high density. After 45 days, the REMI transformants were observed to be proliferating 
faster than wild type (Figure 10). A sample of the culture was obtained and five 10-fold serial 
dilutions were transferred onto bacterial plates, which consists of SM agar medium covered with 
a lawn of Klebsiella aerogenes on which the Dictyostelium cells feed. 96 single colonies were 
then picked and transferred to 24-well plates and the proliferation of the individual clones and 
wild type was measured over 6 days. Figure 11 shows the proliferation of seven of the ninety-six 
clones picked. 
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— REMI 2 
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Time, days 
Figure 10. Enriching the population for cells that proliferate rapidly. Cells were diluted to a 
starting density of lxl06 cells/ml and left to grow for 36 to 48 hours, after which they were 
diluted again to 1x10 cells/ml. This process was repeated over a period of 44 days. Cell 
densities were measured every 18 to 24 hours. On days 40 and 44, the REMI 2 sample was left 
to reach saturation and the proliferation curve was continued by diluting the samples in a 
separate flask. The value REMI 2 (saturation) represents the cell density of the REMI 2 clones at 
saturation. 
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Figure 11. Proliferation of REMI transformants. Cells were diluted in HL-5medium to a 
concentration of 5x10 cells/ml on day 0 and cell densities were measured daily. 
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4.2.3 Identification of rapid proliferators in the population 
The locations of the insertions in the transformants obtained were identified using inverse 
PCR. Genomic DNA was isolated from each clone and digested using the restriction enzyme 
Alul to produce fragments approximately 300 base pairs in length, and these fragments were 
diluted and ligated to form circles. PCR amplification was done using primers extending from 
the end of the pBSRl vector in opposite directions to amplify DNA fragments containing the 
ends of the pBSRl vector and a portion of the gene in which the vector was inserted (Figure 9). 
The PCR product was sequenced and bioinformatic tools revealed that in all seven clones 
examined, the REMI insertion occurred in the kinase domain of the gene for the histidine kinase, 
DokA. The quick proliferation of the transformants suggests that the cells may be unable to 
regulate proliferation, raising the possibility that DokA is a candidate for the AprA signaling 
pathway. 
4.3 Discussion 
Figure 11 shows a REMI insertion in the histidine kinase gene, dokA, results in cells that 
proliferate faster than wild type and reach a higher cell density at stationary phase, suggesting 
that DokA plays a role in the regulation of proliferation in Dictyostelium cells. Dictyostelium 
osmosensing kinase A, DokA, is homologous to two component bacterial histidine kinase 
systems which are involved in signal transduction (Schuster et al., 1996; Wang et al., 1996). 
Hybrid histidine kinases, such as DokA, consist of a sensor domain, a catalytic histidine kinase 
domain, and a response regulator (Schuster et al., 1996). Signal transduction in these histidine 
kinases occurs when autophosphorylation of the histidine residue in a conserved histidine kinase 
causes the transfer of a phosphoryl group to an aspartate residue on a response regulator domain 
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(Oehme and Schuster, 2001; Schuster et al., 1996)Similar histidine kinases have been discovered 
in other eukaryotic systems such as ETR1 in Arabidopsis thaliana and SLN1 in yeast, which 
regulate responses to ethylene and osmolarity respectively (Schuster et al., 1996; Wang et al., 
1996). 
DokA is made up of an N-terminal input domain, two PAS domains, a kinase domain, 
and a C terminal receiver domain (Ott et al., 2000). This histidine kinase is involved in the 
response to osmotic stress (Oehme and Schuster, 2001; Schuster et al, 1996; Wang et al., 1996). 
dokA mRNA is present at low levels in vegetative cells and at higher levels 16 hours after 
starvation (Schuster et al., 1996). When exposed to hypertonic solutions and then rediluted in 
buffer, wild type cells shrink to about 50% and return to their original size after redilution, while 
dokA' cells shrink to the same size but subsequently lyse. dokA' fruiting bodies also have a 
different morphology than wild type. These impairments in development are even more 
pronounced when development occurs under osmotic stress (Schuster et al., 1996). The aberrant 
response to osmotic stress has been linked to cAMP concentrations in the cells. Whereas there is 
a large spike in cAMP production in wild type cells upon osmotic stress, cAMP in dokA' cells 
only reaches about 30% the level that is present in wild type cells (Ott et al., 2000). 
DokA was also found to be a second site suppressor of the ami-B null phenotype. ami-B' 
cells have enhanced migration and remain dispersed during the vegetative state and are unable to 
form colonies. A REMI insertion in the dokA gene in an ami-B null cell background rescued the 
phenotype (Nagasaki and Uyeda, 2008). 
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Appendix 
To determine additional mutants in the AprA and CfaD signaling pathway, I quantified 
the distribution of nuclei in rasG and rblA' cells (Figure 12). These mutants have disruptions in 
the genes coding for rasG and retinoblastoma protein respectively. Dr. Bakthavatsalam found 
that rblA- proliferated slightly faster than wild type and was insensitive to AprA, while rasG-
proliferated more slowly than wild type and was insensitive to CfaD. 
I observed that about 73% of wild type cells contain a single nucleus, 24% contain two 
nuclei, and about 3% contain three or more nuclei. It was previously recorded that 74% of wild 
type cells contain a single nucleus, 24% two nuclei, and 2% contain three or more nuclei (Brock 
and Gomer, 2005). In aprA' cells, there are 41% with one nucleus, 44% with two nuclei, and 
15%) with three or more nuclei, while in cfaD', there are 43% with one nucleus, 36% with two 
nuclei, and 21% with three or more nuclei (Bakthavatsalam et al., 2008; Brock and Gomer, 
2005). 53% of rasG' cells had one nucleus, 28% had two nuclei, and 19% had three or more 
nuclei. 85% of rblA- cells had one nucleus, 14% had two nuclei, and less than two percent had 
three or more nuclei. 
The rasG' cells exhibit a similar phenotype to cfaD' cells. The rblA- cells, however, have 
even more single nuclei than wild type cells. Although these senstitivity ofrasG' and rblA' cells 
to CfaD and AprA respectively suggest that rasG and rblA may be involved in the signaling 
pathways of these proteins, the distribution of nuclei and the rates of proliferation of these two 
mutants, bring into question the interaction of these proteins with the chalones. Attempts to 
determine how these mutants affect signaling of AprA and CfaD are currently ongoing. 
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Figure 12. Distribution of nuclei in rasG and rbIA' cells. The percentage of cells with 1, 2 
and 3 or more nuclei was measured by counting cells stained with DAPI. All values are mean ± 
s.e.m. from three independent assays. Dashed line indicates 50%. 
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